Rationale Patients with schizophrenia exhibit high comorbidity for substance abuse, but the biological underpinnings of this dual-diagnosis condition are still unclear. Previous studies have shown that rats with a neonatal ventral hippocampal lesion (NVHL), a widely used developmental animal model of schizophrenia, exhibit increased cocaine and methamphetamine self-administration and cocaine-induced reinstatement.
Introduction
Patients with schizophrenia are often addicted to abused drugs, with close to half of the patient population having such dual diagnosis (Buckley et al. 2009 ). Dual-diagnosis patients have a worse course of psychiatric illness than nonaddicted schizophrenia patients, including more frequent relapses and re-hospitalizations, as well as poor treatment outcomes. While it has been proposed that drug use may represent an attempt to self-medicate, schizophrenia and drug addiction may share a common pathophysiology (Kapur 2003) . One of the most comprehensively studied developmental animal models of schizophrenia is the neonatal ventral hippocampal lesion (NVHL) (Tseng et al. 2009 ). Adult rats with a NVHL exhibit behavioral, anatomical, and neurochemical anomalies resembling phenomena observed in schizophrenia, which emerge during late adolescence (O'Donnell 2011) , reproducing the developmental trajectory of schizophrenia. The behavioral and electrophysiological anomalies in adult rats with an NVHL are primarily due to altered developmental trajectory in prefrontal cortical circuits as a consequence of the lesion (O'Donnell 2011) .
Previous studies demonstrate that NVHL rats show increased cocaine self-administration (Chambers and Self 2002) , ethanol intake (Berg et al. 2011) , and higher breakpoint on a progressive-ratio reinforcement schedule for methamphetamine (Brady et al. 2008 ), a measure of the drug rewarding effect (Richardson and Roberts 1996) . In addition, a study using the extinction-reinstatement model (de Wit and Stewart 1981; Self and Nestler 1998; showed increased resistance to extinction and enhanced cocaine-induced reinstatement of drug seeking in NVHL rats (Chambers and Self 2002) .
A critical problem in the treatment of drug addiction is the high rate of relapse to drug intake during abstinence; this relapse is often precipitated by exposure to drugassociated cues that provoke craving (O'Brien et al. 1992) . Here, we used two established rodent behavioral procedures to study cue-induced reinstatement of drug seeking after extinction (See 2002 (See , 2005 and incubation of drug craving (time-dependent increases in cue-induced drug seeking in extinction tests after withdrawal) (Grimm et al. 2001; Neisewander et al. 2000; Pickens et al. 2011 ) to determine whether the NVHL increases vulnerability to cueinduced relapse to drug seeking.
Materials and methods

Subjects
Timed pregnant Long-Evans rats were obtained at gestational Days 13-15 from Charles River (Wilmington, MA) and were individually housed with free access to food and water in a temperature-and humidity-controlled environment with a 12:12-h light/dark cycle (lights on at 7:00 a.m.). Pups were left undisturbed until postnatal Days (PD) 5-6 when female pups were culled, and at PD 7-9 healthy male offspring were randomly separated and received either NVHL or sham surgery. At PD 22-23, pups were weaned and housed in groups of two to three, counterbalanced across lesion status. At this time, they were group-housed in a room with reversed light cycle (lights off at 8:00 a.m.). After reaching adulthood , rats were implanted with intravenous catheters and housed in individual cages. The rats had free access to food and water at all time. All experimental procedures were approved by University of Maryland School of Medicine Institutional Animal Care and Use Committee and were conducted according to the United States Public Health Service Guide for Care and Use of Laboratory.
Animals
Neonatal ventral hippocampal lesion Between PD 7 and 9, male pups (15-20 g) received either an excitotoxic lesion of the ventral hippocampus (NVHL) or sham procedure as previously described (Chambers and Lipska 2011) . In short, pups were anesthetized with hypothermia and secured to a Styrofoam platform attached to a stereotaxic frame (David Kopf Instruments, Tujunga, CA). NVHL rats received a bilateral infusion of 0.3 μl/side of ibotenic acid (10 μg/μl in artificial cerebrospinal fluid; ToCris, Minneapolis, MN) into the ventral hippocampus (3 mm rostral to bregma; 3.5 mm lateral to midline; and 5 mm from surface) at a rate of 0.15 μl/ min. Sham surgeries were done in exactly the same fashion but without any liquid infusion. After the procedure, wounds were clipped and when pups activity level had returned to normal they were returned to their dams and remained undisturbed, except for husbandry, until the wound clips were removed and animals weaned at PD 22-23.
Intravenous surgery Intravenous surgeries on NVHL and sham rats (weighing 350-400 g) were performed as previously described (Lu et al. 2004 ) with the exception that the chronic indwelling jugular catheters, which were constructed in house using back-mount cannula (Plastics One, Roanoke, VA), silastic tubing (Dow Corning, Midland, MI), and cranioplastic cement (Lang, Wheeling, IL). One end of the catheter was inserted into the right jugular vein with the other end of the tubing run subcutaneously and exited the back between the scapulae. Wounds were sutured closed, and rats were treated with topical lidocaine/prilocaine (6 % EMLA; Medic Roller, UK), antibiotic wound cream (Johnson & Johnson, Skillman, NJ) and 0.1 ml (0.1 mg/ml) of the opiate analgesic buprenorphine (Sigma Aldrich, Allentown, PA). At the completion of surgery and postoperative care, the rats were housed individually and given 7-11 days to recover prior to behavioral testing, during which their catheters were flushed every other day with 0.1-0.2 ml of gentamicin/saline solution (5 mg/ml in saline; Hospira, Lake Forest, IL).
Behavioral procedures
Apparatus Rats were tested in self-administration chambers (Med Associates, St. Albans, VT) housed within sound attenuating enclosures. Each chamber was equipped with two levers located 9 cm above the floor, a houselight, a tone cue, and a light cue. Presses on one (active and retractable) lever resulted in the activation of the infusion pump, the illumination of a light cue, and activation of a tone. Presses on the other (inactive and stationary) had no programmed outcome; however, each press on this lever was recorded.
Cue-induced reinstatement The cue-induced reinstatement procedure is based on previous reports See 1996, 1997) . Each session started with the back-mount catheters being connected to the infusion pump via plastic tubing. The plastic tubing was encased in metal springs with brass collars that securely attached to the back-mount. Cocaine-HCl (National Institute of Drug Abuse, Baltimore, MD) was dissolved in sterile saline and self-administered at a dose of 0.75 mgkg −1 infusion −1 (0.1 ml/infusion over 3.5 s). Active lever responses activated the infusion pump and led to the delivery of a 5-s tone-light compound cue. Each infusion was followed by a 20-s timeout period during which presses were recorded but did not have programmed consequences. A 100 infusion limit was used throughout testing to prevent overdose. The rats underwent cocaine self-administration training 3 h/day for 10 days with one off day in the middle. Before and after each self-administration session, the rats' catheters were flushed with 0.1 ml of Heparin Lock-Flush solution (10 USP/ ml; Tyco Healthcare, Mansfield, MA). After the end of each self-administration session, rats were returned to the animal facility. During extinction training, the rats were placed into the self-administration chambers and attached to the infusion pump in the same manner as previously described. During this phase of testing, neither active nor inactive lever press produced any consequence (i.e., no infusion, light, or tone cues). The rats continued extinction training, 3 h/session for a minimum of 10 days. After the rats reached extinction criterion (less than 15 active lever presses per 3 h for two consecutive days), they were given reinstatement testing. The rats were returned to the self-administration chamber and attached to the inactivated infusion pump. During the 3-h reinstatement testing, an active-lever press resulted in the activation of the tone and light cues but no drug delivery.
Incubation of cocaine craving
The "incubation of cocaine craving" procedure is based on previous publications (Grimm et al. 2001; Lu et al. 2004; Lu et al. 2007; Lu et al. 2009 ). Briefly, separate groups of rats were trained in the same manner described above, except that the duration of the daily self-administration training session was 6 h/day (Grimm et al. 2001 ). The number of infusions per hour was limited to 20 to prevent overdose. The day after the last selfadministration session (Day 1), the rats were subjected to an extinction test where they were placed into the selfadministration chambers and attached to the infusion pump as described above. The extinction test consisted of a 1-h session, to minimize carry-over effect of extinction responding from Days 1 to 30. At this time active-lever press resulted in the activation of the tone and light cues, but no drug delivery. The number of active and inactive lever presses was recorded. Subsequently, the rats were subjected to another extinction test (within-subject assessment) 1 month after last self-administration session (withdrawal Day 30).
Histology
After completion of behavioral testing, the rats were euthanized and the brains removed and postfixed in 4 % paraformaldehyde for at least 24 h. Brains were then transferred to 30 % sucrose in 0.1 M phosphate buffer for cryoprotection. The dorsal and ventral hippocampus were sectioned (40 μm) using a freezing microtome, and sections were mounted on glass slides and Nissl stained. The hippocampus was examined microscopically for evidence of bilateral damage, which typically included cell loss, thinning, gliosis, cellular disorganization, and enlarged ventricles (Chambers and Lipska 2011) .
Statistical analysis
Data were analyzed using Statistica 9.0 (Statsoft, Tulsa, OK). Comparisons were made with analysis of variance, followed by Tukey post hoc tests where appropriate.
Results
Lesions
Nissl-stained hippocampal sections from NVHL rats showed some extent of cell loss, enlarged ventricles and cellular disorganization. Rats with any evidence of bilateral ventral hippocampal damage were included in the lesion group. Rats with no indication of lesion, unilateral lesion, or extension of damage to adjacent structures were excluded. A representative photomicrograph from an NVHL rat with significant cell loss and ventricle enlargement is shown in Fig. 1a . Sham-operated rats showed no evidence of damage (Fig. 1b) . The final sample sizes for each experiment was as follows: reinstatement (n033; 15 sham; 18 NVHL) and incubation of cocaine craving (n 015; 7 sham; 8 NVHL).
Cue-induced reinstatement of cocaine seeking after extinction Rats from both groups acquired cocaine self-administration at a similar rate and showed similar levels of lever pressing. Statistical analyses of number of infusions and active-lever presses demonstrated a significant effect of session (F 9, 261 0 20.7 and F 9, 261 02.6; P<0.01) but no effect of lesion or lesion × session interaction (Fig. 2a) . During the daily extinction training without the cocaine-associated cues, a high initial level of lever pressing was followed by a daily decline in responding on the active lever (Fig. 2b) . Although there was a significant effect of session (F 9, 261 033.1; P<0.001), there was no significant effect of lesion or lesion×session interaction. The number of inactive lever presses remained low throughout cocaine self-administration and extinction training. While there was no significant difference in active or inactive lever presses during the first 10 days of extinction training, a survival analysis showed that NVHL rats required significantly more days to reach the extinction criterion (χ 2 0 5.1; df01; P<0.05; Fig. 2c ). Thus, although NVHL rats acquired and maintained cocaine self-administration at a rate similar to sham-operated rats, they demonstrated a modest increase in resistance to extinction, a finding in agreement with a previous report (Chambers and Self 2002) .
Once rats reached the extinction criterion, they were tested for cue-induced reinstatement of cocaine seeking. Reinstatement was analyzed with lesion status as the between-subjects factor and two hierarchical within-subjects factors: session (extinction and reinstatement) and lever (active and inactive) within the respective session. There were significant effects of lesion status (F 1, 29 04.9; P<0.05), session (F 1, 29 079.3; P<0.001), lever (F 1, 29 061.7; P< 0.001) and lesion×session×lever interaction (F 1, 29 05.6; P< 0.05). Post hoc analysis showed that the NVHL rats had a significantly higher number of active lever presses during the reinstatement session than the sham rats (Fig. 2d) . There was no significant difference in inactive lever presses during extinction or reinstatement. These data indicate that NVHL rats exhibit higher cue-induced reinstatement of cocaine seeking than sham rats.
Incubation of cocaine craving
Similar to the 3-h cocaine self-administration training condition, there was no significant difference between the NVHL rats and the sham rats trained to self-administer cocaine for 6 h/day. Both groups showed stable responding to cocaine reinforcement (overall mean for SHAM, 49.0±2.3 infusions/ session; NVHL, 50.7±1.2). The analysis of 'incubation of cocaine craving' was performed with lesion as a betweensubjects factor and two hierarchical within-subjects factors, test day (Days 1 and 30) and lever (active and inactive) within the respective session. There was a significant effect of test day (F 1, 13 011.6; P<0.01), lever (F 1, 13 052.1; P<0.001) and (Fig. 3a) . However, there were no significant effects of lesion or interactions with lesion status, suggesting that both NVHL and sham rats exhibited similar time-dependent increases in cue-induced cocaine seeking in the extinction tests, the operational measure of incubation of cocaine craving.
Discussion
The main finding in this report is that NVHL rats demonstrated enhanced cue-induced reinstatement of cocaine seeking, but no enhancement of time-dependent cue-induced cocaine seeking after withdrawal (incubation of cocaine craving). Under our experimental conditions, NHVL rats also showed a modest increase in resistance to extinction, confirming results from a previous report (Chambers and Self 2002) . Although rats were transferred from a group-housing condition to a single-housing condition after catheter implantation, this is not likely to play a role in differences between NVHL and sham rats, as rats from both groups were housed under the same experimental conditions. Finally, initiation and maintenance of cocaine self-administration did not differ between NVHL and sham-operated rats; these data are different from those of Chambers and Self (2002) who demonstrated increased cocaine self-administration in NVHL rats. Our study extends previous work on in the effect of NHVL on drug self-administration, reinstatement, and locomotor sensitization. Earlier studies showed increased cocaine and alcohol self-administration (Berg et al. 2011; Chambers and Self 2002) , cocaine-induced reinstatement (Chambers and Self 2002) , as well as enhanced locomotor sensitization to cocaine, alcohol, and nicotine (Berg and Chambers 2008; Chambers and Taylor 2004; Conroy et al. 2007 ) in NVHL rats. In contrast to a previous report (Chambers and Self 2002) , we have not observed an effect of NHVL on initiation and maintenance of cocaine self-administration. This difference is likely due to the different doses used in these studies. Lower cocaine doses that were used by Chambers and Self (Chambers and Self 2002) are known be more sensitive to environmental and pharmacological manipulations Marinelli and Piazza 2002; Piazza and Le Moal 1996) . In contrast, effects of stressors and developmental manipulations on psychostimulant self-administration are rarely observed when high unit drug dose and low response requirement fixed-ratio reinforcement schedules are used (Hall 1998; Lu et al. 2003) . In this regard, we previously reported that the NHVL had no effect on methamphetamine self-administration under an FR-1 reinforcement schedule, but increased drug-reinforced responding under a progressive ratio reinforcement schedule (Brady et al. 2008 ). Thus, it is possible that psychostimulant self-administration under a fixed-ratio reinforcement schedule is not controlled by brain circuits affected by NVHL. In contrast, a more demanding cocaine self-administration reinforcement schedule such as a progressive ratio schedule may be controlled by circuits affected by this developmental manipulation.
A question that arises from our study is how to account for the different effect of NHVL on cue-induced reinstatement versus incubation of cocaine craving, as assessed in extinction tests in the presence of the cocaine-associated cues. This pattern of results is in agreement with previous studies suggesting that different brain circuits underlie cueinduced reinstatement after extinction versus initial extinction responding in the presence of cues. For example, cueinduced reinstatement of cocaine seeking after extinction training is blocked by reversible pharmacological inactivation of the dorsal but not ventral medial prefrontal cortex (mPFC) (McLaughlin and See 2003; Peters et al. 2008) . In contrast, when rats were subjected to a period of forced abstinence in their home cage, inactivation of the ventral but not dorsal mPFC decreased initial extinction responding in the presence of the cocaine-associated cues (Fuchs et al. 2006 ; a b Fig. 3 Time-dependent changes in cue-induced cocaine seeking after withdrawal (incubation of cocaine craving) in NVHL and sham rats. a Number of infusions in both NVHL and sham rats during the cocaine self-administration phase. b Mean±SEM number of presses on the active and inactive levers 1 day after the last self-administration session (Day 1) and 30 days after the last self-administration session (Day 30). ***P<0.001 compared with Day 1; n07-8/group Koya et al. 2009 ). An alternative interpretation of the data is that the lesion had no effect on spontaneous recovery; however, this is not likely because this term refers to resumption of responding after completing extinction training (Bouton and Swartzentruber 1991) , which was not the case in our study that only included 1-h extinction experience on withdrawal Day 1 prior to the Day-30 extinction test. Instead, we think these data suggest that prelimbic (dorsal) prefrontal cortex (PFC) activity is critical for cue-induced reinstatement of drug seeking while the infralimbic (ventral) PFC activity is critical for incubation of drug craving (Koya et al. 2009 ). Additional correlative evidence for this idea is that cue-induced reinstatement after extinction was accompanied by a more pronounced increase in Arc (an immediate early gene and a marker of neuronal activity) expression in the dorsal (cingulate and prelimbic) than in the ventral (infralimbic) mPFC (Zavala et al. 2008) . In contrast, the expression of incubation of craving during late withdrawal was associated with stronger neuronal activation (as assessed by ERK phosphorylation or ERK activity) in the ventral than the dorsal mPFC (Koya et al. 2009 ).
Thus, the ventral versus dorsal mPFC dissociation for controlling cue-induced reinstatement after extinction versus incubation of cocaine craving, as assessed in extinction tests, could explain the differential effect of NVHL on the two measures. In this regard, in vitro recordings in the prelimbic (dorsal) mPFC showed that pyramidal neurons are hyperexcitable and interneurons cannot be activated by DA in slices obtained from NVHL rats (Tseng et al. 2006; Tseng et al. 2008) . As a consequence, excitation-inhibition balance in the prelimbic PFC is altered in the NVHL model (Gruber et al. 2010) . This was recently shown to play a significant role when rats are subjected to a rewarddiscounting choice task that activates the DA system (Roesch et al. 2007) . NVHL rats demonstrated impaired cognitive flexibility in this task, and prelimbic PFC firing was exaggerated during epochs that activate ventral tegmental area (VTA) DA cell firing (Gruber et al. 2010) . These data suggest that the NVHL rat presents a prelimbic PFC disinhibition that affects information processing and this altered neuronal responding may potentially influence reinstatement of cocaine seeking after extinction.
As discussed above, several brain circuits could be responsible for the enhanced cue-induced reinstatement in NVHL rats. This behavioral outcome is unlikely to arise from damage to the hippocampus itself, as lesions to the adult hippocampus or subiculum inhibit drug self-administration (Caine et al. 2001; Sun and Rebec 2003) and inactivation of the ventral hippocampus attenuates cue-induced reinstatement (Lasseter et al. 2010) . Instead, this behavior is more likely a result of the impact of early postnatal hippocampal inactivation on the development of the mesocorticolimbic dopamine (DA) system, which is involved in the behavioral effects of cocaine (Pierce and Kumaresan 2006; Wise 1978) , as well as in cueinduced drug seeking (Bossert et al. 2006; Kalivas and McFarland 2003; See 2005 ). The NVHL model entails interrupting ventral hippocampal activity at a period critical for the development of areas targeted by the hippocampus, such as the mPFC, causing long-term consequences on their neural circuits (O'Donnell 2011) . For example, mPFC responses to DA afferent activation are abnormal in adult rats with a NVHL. Electrical stimulation of the VTA, the source of DA innervation to the mPFC, suppresses pyramidal cell firing in normal rats, but evokes a dramatic increase in firing in NVHL rats (O'Donnell et al. 2002) . These abnormal responses are only observed in adulthood, indicating that the periadolescent maturation of PFC circuits may be affected by the absence of proper hippocampal innervation at early developmental stages.
In conclusion, NVHL rats have demonstrated exaggerated cue-induced reinstatement of cocaine seeking and are also more resistant to extinction than sham rats, but have normal incubation of cocaine craving. These findings complement previous reports on exaggerated cocaine-seeking behaviors in the NVHL model (Chambers and Self 2002) , extending the features of this animal model of dualdiagnosis schizophrenia to a measure relevant to relapse and craving for cocaine in humans. Understanding the neurobiological underpinnings of the increased vulnerability for addictive behaviors in the NVHL model may aid in determining the involvement of brain circuits in schizophreniaaddiction comorbidity and perhaps inform novel therapeutic approaches for the treatment of this dual diagnosis.
